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Using e+e− → Λ+c Λ¯−c production from a 567 pb−1 data sample collected by BESIII at 4.6 GeV,
a full angular analysis is carried out simultaneously on the four decay modes of Λ+c → pK0S , Λpi+,
Σ+pi0, and Σ0pi+. For the first time, the Λ+c transverse polarization is studied in unpolarized
e+e− collisions, where a non-zero effect is observed with a statistical significance of 2.1σ. The
decay asymmetry parameters of the Λ+c weak hadronic decays into pK
0
S , Λpi
+, Σ+pi0 and Σ0pi+ are
measured to be 0.18± 0.43(stat)± 0.14(syst), −0.80± 0.11(stat)± 0.02(syst), −0.57± 0.10(stat)±
0.07(syst), and −0.73 ± 0.17(stat) ± 0.07(syst), respectively. In comparison with previous results,
the measurements for the Λpi+ and Σ+pi0 modes are consistent but with improved precision, while
the parameters for the pK0S and Σ
0pi+ modes are measured for the first time.
The study of the lightest charmed baryon Λ+c is impor-
tant for the understanding of the whole charmed baryon
sector. In recent years, there has been significant progress
in studying the Λ+c , both experimentally and theoretical-
ly [1, 2]. This provides crucial information in detailed
explorations of the singly charmed baryons (Σc, Ξc and
Ωc) [3, 4], and further searches or discoveries of the dou-
bly charmed baryons (Ξcc and Ωcc) [5, 6]. Moreover,
as the charmed baryon is the favored weak decay final
state of b-baryons and its properties are inputs to study
b-baryons, improved knowledge in the charm sector can
contribute substantially to understanding the properties
of b-baryons.
Some QCD-inspired charmed baryon models that have
been developed [7] are the flavor symmetry model [8], fac-
torization model [9], pole model [10], and current algebra
framework [11]. As shown in Refs. [2, 7], many of these
models calculate Λ+c decay rates in good agreement with
experimental results. But the decay asymmetries pre-
dicted by these models for Λ+c two-body hadronic weak
decays do not agree very well.
The decay asymmetry parameter, α+BP , in a weak de-
cay Λ+c → BP (B denotes a JP = 12
+
baryon and P
denotes a JP = 0− pseudoscalar meson) is defined as
α+BP ≡ 2Re(s·p)|s|2+|p|2 , where s and p stand for the parity-
violating s-wave and parity-conserving p-wave ampli-
tudes in the decay, respectively. Model calculations of
α+BP in Λ
+
c → pK0S , Λpi+, Σ+pi0, and Σ0pi+ are listed in
Table I, which shows large variations among the different
models. As predictions of α+BP rely on the relative phase
between the two amplitudes, the experimental measure-
ments of the decay asymmetry parameters serve as very
sensitive probes to test different theoretical models.
Experimentally, only α+Λpi+ and α
+
Σ+pi0 have been mea-
sured previously [12–15]. The measured value for α+Σ+pi0
is −0.45±0.32, in contradiction with the predicted values
in many theoretical models [10, 11, 16–19]. Therefore, it
is important to carry out independent measurements of
α+Σ+pi0 to confirm the sign of α
+
Σ+pi0 and test these mod-
els. Moreover, α+Σ+pi0 and α
+
Σ0pi+ should have the same
value according to hyperon isospin symmetry [20], and
any deviation from this expectation provides critical in-
formation on final state interactions in Λ+c hadronic de-
cays. All the models predict α+Λpi+ consistent with the
measured values, and it is necessary to further improve
the experimental precision to discriminate between them.
In previous experiments, Λ+c was assumed to be un-
polarized, and the decay asymmetry parameter α+BP was
obtained by analyzing the longitudinal polarization from
the weak two-body decay of the produced baryon B, such
as Λ→ ppi− and Σ+ → ppi0 for α+Λpi+ and α+Σ+pi0 , respec-
tively. However, the hypothesis of unpolarized Λ+c may
not be valid. There have been observations of transverse
Λ polarization in inclusive Λ production in e+e− colli-
sions at 10.58 GeV [21] and in e+e− → ΛΛ¯ at J/ψ mass
position [22], and it has been postulated that the pro-
duced Λ+c could be polarized [23]. Further, as the po-
larization of the proton in the decay Λ+c → pK0S is not
accessible with the above method, a non-zero transverse
polarization of the Λ+c provides an alternative way to
measure α+
pK0S
[24].
In this Letter, we investigate for the first time the
transverse polarization of the Λ+c baryon in unpolarized
e+e− annihilations. We present for the first time mea-
surements of the decay asymmetry parameters in Λ+c de-
cays into pK0S , Λpi
+, Σ+pi0, and Σ0pi+based on a multi-
dimensional angular analysis of the cascade-decay final
states, which greatly improves the resulting precision.
Data sample used in this analysis corresponds to an inte-
grated luminosity of 567 pb−1 collected with the BESIII
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FIG. 1. (color online) Fits to the MBC spectra of the
signal candidates of (a) Λ+c → pK0S , (b) Λ+c → Λpi+, (c)
Λ+c → Σ+pi0, and (d) Λ+c → Σ0pi+. Points with error bars cor-
respond to data, solid lines are the fitting curves, dashed lines
describe the signal events distribution, dash-dotted lines show
the Type-II backgrounds and shadowed areas correspond to
Type-I backgrounds. Dashed and solid arrows show the side-
band and signal regions, respectively.
detector at BEPCII at center-of-mass (CM) energy of 4.6
GeV.
Since the close proximity of the CM energy to the
Λ+c Λ¯
−
c mass threshold does not allow an additional
hadron to be produced, Λ+c Λ¯
−
c are always generated in
pairs, which provides a clean environment to study their
decays. When one Λ+c is detected, another Λ¯
−
c partner
is inferred. Hence, to increase signal yields, we adopt
a partial reconstruction method, in which only one Λ+c
is reconstructed out of all the final-state particles in an
event. The charge conjugation modes are always implied
in the context, unless otherwise stated explicitly.
Details of the BESIII apparatus, the software frame-
work and the Monte Carlo (MC) simulation sample have
been given in Ref. [25]. The Λ+c signal candidates are
reconstructed through the decays into pK0S , Λpi
+, Σ+pi0
and Σ0pi+. Here, the intermediate particles K0S , Λ, Σ
+,
Σ0 and pi0 are reconstructed via the decays K0S → pi+pi−,
Λ → ppi−, Σ+ → ppi0, Σ0 → γΛ, and pi0 → γγ.
The event selection criteria follow those described in
Ref. [25], unless otherwise stated explicitly. To suppress
the Λ+c → pK0S , K0S → pi0pi0 events in the Σ+pi0 candi-
date samples, the invariant mass of the pi0pi0 system is
required to be outside the range [400, 550] MeV/c2.
For each signal decay mode, the yields are obtained
from a fit to the beam-constrained mass (MBC) distribu-
tion, MBC ≡
√
E2beam − p2Λ+c , where Ebeam is the aver-
age beam energy and pΛ+c is the measured Λ
+
c momen-
tum in the CM system of the e+e− collisions. If more
than one candidate is reconstructed in the event, the one
with the smallest energy difference (|∆E|) is kept, where
∆E ≡ EΛ+c − Ebeam, and EΛ+c is the measured total en-
ergy of the Λ+c candidate.
Figure 1 shows the MBC distributions for the signal
candidates, where the Λ+c signal peak is evident at the
nominal Λ+c mass. The backgrounds can be classified in-
to two types. The Type-I backgrounds are from the true
Λ+c signal decays, where at least one of the final state
particle candidates is wrongly assigned in reconstruc-
tion. The Type-II backgrounds correspond to combina-
torial backgrounds mostly from e+e− → qq¯ (q = u, d, s)
processes. To evaluate the Type-I and Type-II back-
ground level, unbinned maximum likelihood fits (shown
in Fig. 1) are applied to the MBC spectra. The sig-
nal and Type-I background shapes, as well as the ratio
of their yields, are derived from the signal MC simula-
tion samples. These two shapes are convolved with a
common Gaussian function, whose width is left free and
represents the difference in resolution between data and
MC simulations. The Type-II background shape is mod-
eled by an ARGUS function [26]. The Λ+c signal and
sideband regions are chosen as [2.278, 2.294] GeV/c2 and
[2.250, 2.270] GeV/c2, respectively.
The decay asymmetry parameters are determined by
analyzing the multi-dimensional angular distributions,
where the full cascade decay chains are considered. The
full angular dependence formulae (4), (6), and (10) in
Ref. [24], constructed under the helicity basis, are used
in the fit. To illustrate the helicity system defined in this
analysis, we take as an example the two-level cascade de-
cay process Λ+c → Λpi+,Λ → ppi− following the level-0
process e+e− → γ∗ → Λ+c Λ¯−c . An analogous formalism
is applied to the other Λ+c → BP decays.
1
e−
e+
θ0
φ1
θ1
CM frame Λ+c rest frame
Λ+cΛ¯
−
c
pi+
Λ
pi+
Λ
θ1
φ2
θ2
Λ+c rest frame Λ rest frame
Λpi+ pi
−
p
pi−
p
FIG. 2. (color online) Definition of the helicity frame for
e+e− → Λ+c Λ¯−c , Λ+c → Λpi+, Λ→ ppi−
.
5Figure 2 illustrates the definitions of the full system of
helicity angles for the Λ+c → Λpi+ mode. In the helicity
frame of e+e− → Λ+c Λ¯−c , θ0 is the polar angle of the Λ+c
with respect to the e+ beam axis in the e+e− CM system.
For the helicity angles of the Λ+c → Λpi+ decay, φ1 is the
angle between the e+Λ+c and Λpi
+ planes, and θ1 is the
polar angle of the Λ momentum in the rest frame of the
Λ+c with respect to the Λ
+
c momentum in the CM frame.
The angle subscript represents the level numbering of the
cascade signal decays. For the helicity angles describing
the Λ → ppi+ decay, φ2 is the angle between the Λpi+
plane and ppi− plane and θ2 is the polar angle of the
proton momentum with respect to opposite direction of
pi+ momentum in the rest frame of Λ. For the three-
level cascade decays Λ+c → Σ0pi+, Σ0 → Λγ, Λ → ppi−
process, φ3 is the angle between the Λγ and ppi
− planes,
while θ3 is the polar angle of the proton with respect to
the opposite direction of the photon momentum (from
Σ0 → Λγ) in the rest frame of Λ.
In Ref. [24], we define ∆0 as the phase angle differ-
ence between two individual helicity amplitudes, Hλ1,λ2 ,
for the Λ+c production process γ
∗ → Λ+c (λ1)Λ¯−c (λ2) with
total helicities |λ1 − λ2| = 0 and 1, respectively. In the
case where one-photon exchange dominates the produc-
tion process, ∆0 is also the phase between the electric
and magnetic form factors of the Λ+c [23, 27]. The trans-
verse polarization observable of the produced Λ+c can be
defined as
PT (cos θ0) ≡
√
1− α20 cos θ0 sin θ0 sin ∆0, (1)
whose magnitude varies as a function of cos θ0. Similarly,
two parameters, α+BP and ∆
BP
1 , describe the level-1 de-
cays Λ+c → Λpi+, Σ+pi0, and Σ0pi+, where ∆BP1 is the
phase angle difference between the two helicity ampli-
tudes in the BP mode. The Lee-Yang parameters [24, 28]
can be obtained with the relations
βBP =
√
1− (α+BP )2 sin ∆BP1 ,
γBP =
√
1− (α+BP )2 cos ∆BP1 .
(2)
In the angular analysis, the free parameters describing
the angular distributions for the four data sets are de-
termined from a simultaneous unbinned maximum likeli-
hood fit, as α0 and ∆0 are common. The likelihood func-
tion is constructed from the probability density function
(PDF) jointly by
Ldata =
Ndata∏
i=1
fS(~ξ). (3)
Here, fS(~ξ) is the PDF of the signal process, Ndata is the
number of the events in data and i is event index. Signal
PDF fS(~ξ) is formulated as
fS(~ξ) =
(~ξ)|M(~ξ; ~η)|2∫
(~ξ)|M(~ξ; ~η)|2d~ξ
, (4)
where the variable ~ξ denotes the kinematic angular ob-
servables, and ~η denotes the free parameters to be deter-
mined. M(~ξ) is the total decay amplitude [24] and (~ξ)
is the detection efficiency parameterized in terms of the
kinematic variables ~ξ. The background contribution to
the joint likelihood is subtracted according to the calcu-
lated likelihoods for the Type-I background based on in-
clusive MC simulations and for the Type-II background
according to the MBC sideband. The MC-integration
technique is adopted to compute the normalization fac-
tor as follows∫
(~ξ)|M(~ξ; ~η)|2d~ξ = 1
Ngen
NMC∑
kMC
|M(~ξk; ~η)|2, (5)
where Ngen is the total number of MC-simulated signal
events. NMC is the number of the MC signal events sur-
vived from the full selection criteria and kMC is its event
index.
Minimization of the negative logarithmic likelihood
with background subtraction over all the four signal pro-
cesses is carried out using the MINUIT package [29].
Here, α0 is fixed to the known value −0.20 [27]. For
the charge-conjugation Λ¯−c decays, under the assump-
tion of CP conservation, ∆¯0 = ∆0, α
+
BP = −α−B¯P¯ ,
and ∆¯B¯P¯1 = −∆BP1 . The decay asymmetry parame-
ter αΛ for Λ → ppi− is taken from the recent BESIII
measurement [22] and αΣ+ for Σ
+ → ppi0 from the
Particle Data Group (PDG) [2]. From the fit, we obtain
sin ∆0 = −0.28± 0.13(stat.) which differs from zero with
a statistical significance of 2.1σ according to a likelihood
ratio test. This indicates that transverse polarization PT
of the Λ+c is non-zero when sin(2θ0) 6= 0. The numerical
fit results are given in Table I, together with the calcu-
lated γBP and βBP .
In Fig. 3, the fit results are illustrated using several
projection variables. The real data are compared with
the MC generated events re-weighted according to the
fit.
For the Λ+c → Λpi+ and Σ+pi0 decays, if all angles are
integrated over except for the angle θ2, the decay rate
becomes [32]
dN
d cos θ2
∝ 1 + α+Λpi+(Σ+pi0)αΛ(Σ+) cos θ2. (6)
Equation (6) shows a characteristically longitudi-
nal polarization of the produced Λ(Σ+) from the
Λ+c decays, and the asymmetry of cos θ2 distribu-
tion reflects the product of the decay asymmetries
α+Λpi+αΛ(α
+
Σ+pi0αΣ+) [33]. The distributions of cos θ2 in
the Λ+c → Λpi+ and Σ+pi0 modes are shown in Figs. 3(a)
and (b), respectively. The drop at the right side in
Fig. 3(b) is due to the K0S → pi0pi0 veto.
For the Λ+c → Σ0pi+ decay, the correlations of cos θ2
and cos θ3 in the subsequent level-2 decay Σ
0 → γΛ and
level-3 decay Λ→ ppi−, are shown in Figs. 3(c) and (d),
respectively. The correlation of the average value of cos θi
6TABLE I. Comparisons between different theoretical calculations and experimental measurements.
Λ+c → pK0S Λpi+ Σ+pi0 Σ0pi+
α
Λ+c
BP
Predicted
−1.0 [16], 0.51 [11] −0.70 [16], −0.67 [11] 0.71 [16], 0.92 [11] 0.70 [16], 0.92 [11]
−0.49 [10], −0.90 [10] −0.95 [10], −0.99 [10] 0.79 [10] −0.49 [10] 0.78 [10], −0.49 [10]
−0.49 [17], −0.97 [18] −0.96 [17], −0.95 [18] 0.83 [17], 0.43 [18] 0.83 [17], 0.43 [18]
−0.66 [19], −0.90 [30] −0.99 [19], −0.86 [30] 0.39 [19], −0.76 [30] 0.39 [19], −0.76 [30]
−0.99 [20], −0.91 [31] −0.99 [20], −0.94 [31] −0.31 [20], −0.47 [31] −0.31 [20], −0.47 [31]
PDG [2] −0.91± 0.15 −0.45± 0.32
This work 0.18± 0.43± 0.14 −0.80± 0.11± 0.02 −0.57± 0.10± 0.07 −0.73± 0.17± 0.07
∆BP1 (rad) This work 3.0± 2.4± 1.0 4.1± 1.1± 0.6 0.8± 1.2± 0.2
βBP This work 0.06
+0.58+0.05
−0.47−0.06 −0.66+0.46+0.22−0.25−0.02 0.48+0.35+0.07−0.57−0.13
γBP This work −0.60+0.96+0.17−0.05−0.03 −0.48+0.45+0.21−0.42−0.04 0.49+0.35+0.07−0.56−0.12
2θcos
-1 -0.5 0 0.5 1
Ev
en
ts
/0
.1
0
20
40
60
80
+piΛ→+cΛ (a)
2θcos
-1 -0.5 0 0.5 1
Ev
en
ts
/0
.1
0
10
20
30
40 0pi+Σ→+cΛ (b)
2θcos
-1 -0.5 0 0.5 1
〉 3θ
co
s
〈
-1
-0.5
0
0.5
1
+pi0Σ→+cΛ (c)
3θcos
-1 -0.5 0 0.5 1
〉 2θ
co
s
〈
-1
-0.5
0
0.5
1
+pi0Σ→+cΛ (d)
0θcos
-1 -0.5 0 0.5 1
〉 1φ
sin 1θ
)si
n
BP
α
sig
n(
〈
-0.2
-0.1
0
0.1
0.2 (e)
FIG. 3. (color online) cos θ2 distributions in (a) Λpi
+, and
(b) Σ+pi0; (c) average value of cos θ3 as a function of cos θ2,
and (d) average value of cos θ2 as a function of cos θ3 in
Λ+c → Σ0pi+; (e) 〈sign(αBP) sin θ1 sinφ1〉 as a function of
cos θ0 for all the four signal channels. Points with error
bars correspond to data; (red) solid lines represent the MC-
determined shapes taking into account the fit results; (green)
dash-dotted lines represent the Type-II background and shad-
ed histograms show the Type-I background.
satisfies the relation
〈cos θi〉 = −1
6
α+Σ0pi+αΛ cos θj , (7)
with (i, j)=(2, 3) or (3, 2).
If the full expressions for the joint angular distributions
(Ref. [24]) are integrated over the angles of the level 2 and
3 decay products, the remaining partial decay rate W is
W ∝ 1 + α0 cos2 θ0 + PTα+BP sin θ1 sinφ1. (8)
TABLE II. Summary of the systematic uncertainties. A, B,
C and D stand for the modes of pK0S , Λpi
+, Σ+pi0, and Σ0pi+,
respectively.
Source α+A α
+
B α
+
C α
+
D sin ∆0 ∆
B
1 ∆
C
1 ∆
D
1
Reconstruction 0.00 0.00 0.00 0.01 0.00 0.8 0.0 0.0
pi0pi0 veto 0.01 0.00 0.01 0.00 0.00 0.0 0.2 0.0
∆E signal region 0.07 0.01 0.02 0.05 0.02 0.3 0.1 0.1
MBC signal region 0.12 0.01 0.05 0.02 0.02 0.5 0.4 0.1
Bkg subtraction 0.03 0.01 0.05 0.04 0.02 0.3 0.3 0.0
Total 0.14 0.02 0.07 0.07 0.03 1.0 0.6 0.2
Therefore, in a given cos θ0 interval,
〈sin θ1 sinφ1〉 =
∫ 2pi
0
∫ 1
−1 sin θ1 sinφ1Wd cos θ1dφ1∫ 2pi
0
∫ 1
−1Wd cos θ1dφ1
is directly proportional to αBPPT (cos θ0)/(1+α0 cos
2 θ0)
for the acceptance corrected data. In Fig. 3(e), the effect
of the transverse polarization PT (cos θ0) is illustrated by
plotting the average value 〈sign(αBP ) sin θ1 sinφ1〉 from
all four decay modes and including both particles and
antiparticles. The sign function of the measured decay
asymmetry parameter, sign(αBP ), is used to avoid the
cancellation of contributions from the opposite charge
modes.
The systematic uncertainties arise mainly from the re-
construction of final state tracks, K0S → pi0pi0 veto, ∆E
requirement, signal MBC selections and background sub-
traction. The contributions are summarized in Table II.
The uncertainty of the input α0 is found to be negligi-
ble, after considering the experimental uncertainty [27].
Systematic uncertainties from different sources are com-
bined in quadrature to obtain the total systematic un-
certainties.
To understand the reconstruction efficiencies in data
and MC simulations, a series of control samples are used
for different final states. The proton and charged pion
are studied based on the channel J/ψ → pp¯pi+pi−, photon
on e+e− → γµ+µ− [34], pi0 on ψ(3686)→ pi0pi0J/ψ and
e+e− → ωpi0, Λ on J/ψ → p¯K+Λ and J/ψ → ΛΛ¯ [35],
and K0S on J/ψ → K∗(892)+K−,K∗(892)+ → K0Spi+
and J/ψ → φK0SK+pi− [36]. The efficiency differences
between data and MC simulations are used to reweight
7the summed likelihood values. The changes of the fit re-
sults after likelihood minimization are taken as systemat-
ic uncertainties. The uncertainties due to theK0S → pi0pi0
veto in Σ+pi0 candidate events are evaluated by tak-
ing the maximum changes with respect to the nominal
results when varying the pi0pi0 veto range. A similar
method is applied when estimating the systematic un-
certainties from the signal ∆E and MBC selection cri-
teria. In the likelihood construction, the subtraction of
the background contributions are modeled with the side-
band control samples and the inclusive MC samples. The
associated uncertainties are studied by varying the side-
band range and adjusting the scaling factors of the two
background components. The altered scaling factors are
obtained by changing the background lineshapes within
their 1σ uncertainties from the fits to the MBC distribu-
tion. The resultant maximum changes of the fit results
are taken as corresponding systematic uncertainties.
To summarize, based on the 567 pb−1 data sample
collected from e+e− collisions at a CM energy of 4.6
GeV, a simultaneous full angular analysis of four decay
modes of Λ+c → pK0S , Λpi+, Σ+pi0, and Σ0pi+ from the
e+e− → Λ+c Λ¯−c production is carried out. We study the
Λ+c transverse polarization in unpolarized e
+e− collisions
for the first time, which gives sin ∆0 = −0.28±0.13±0.03
with a statistical significance of 2.1σ. This information
will help in understanding the production mechanism of
the charmed baryons in e+e− annihilations. With avail-
ability of the transverse polarization measurement, the
decay asymmetry parameter in Λ+c → pK0S becomes ac-
cessible experimentally. Moreover, this improves the pre-
cision in determining the decay asymmetry parameters in
Λ+c → Λpi+, Σ+pi0, and Σ0pi+, as listed in Table I.
The parameters α+
pK0S
and α+Σ0pi+ are measured for the
first time. The measured α+Λpi+ and α
+
Σ+pi0 parameters are
consistent with previous measurements, but with much
improved precisions (by a factor of 3 for α+Σ+pi0). The
negative sign of the α+Σ+pi0 parameter is confirmed and
differs from the positive predictions [10, 11, 16–19] by
at least 8σ, which rules out those model calculations.
The measured α+Σ+pi0 and α
+
Σ0pi+ values agree well, which
supports hyperon isospin symmetry in Λ+c decay. For the
results on α+
pK0S
, α+Σ+pi0 , and α
+
Σ0pi+ listed in Table I, at
present no model gives predictions fully consistent with
all the measurements. These improved results in Λ+c de-
cay asymmetries provide essential inputs for the b-baryon
decay asymmetry measurements to be performed in the
future.
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FIG. 1. Definition of the helicity frames for e+e− → Λ+c Λ¯−c , Λ+c → pK0S
.
For the process e+e− → Λ+c Λ¯−c , Λ+c → BP and Λ¯−c → inclusive, where B and P denote a JP = 12
+
baryon and a139
pseudoscalar meson, respectively, the amplitude can be constructed under the helicity basis. For the weak non-leptonic140
decay Λ+c → BP , the Lee-Yang variables[1] αBP , βBP , and γBP are defined with respect to the s-wave and p-wave141
amplitudes, such as142
αBP =
2Re(s · p)
|s|2 + |p|2 , βBP =
2Im(s · p)
|s|2 + |p|2 , γBP =
|s|2 − |p|2
|s|2 + |p|2 , (1)
and with equality α2BP + β
2
BP + γ
2
BP = 1.143
We work with helicity amplitudes. For Λ+c → B( 12
+
)P (0−) decay, we have two helicity amplitudes, H1/2 and144
H−1/2. Using relations s = 1√2 (H1/2 + H−1/2), p =
1√
2
(H1/2 −H−1/2), we have the asymmetry parameters defined145
with helicity amplitudes as146
αBP = |H1/2|2 − |H−1/2|2, βBP =
√
1− α2BP sin ∆BP1 , γBP =
√
1− α2BP cos ∆BP1 , (2)
here we have taken the normalization |H1/2|2 + |H−1/2|2 = 1, and ∆BP1 is the phase angle difference between two147
helicity amplitudes H1/2 and H−1/2.148
If Λ+c and Λ¯
−
c decays conserve the CP transformation, we have relations for the Λ¯
−
c asymmetry parameters as149
α¯BP = −αBP , β¯BP = −βBP , γ¯BP = γBP . (3)
In the context, for the helicity frame of Λ+c production process e
+e− → Λ+c Λ¯−c , θ0 is defined as the polar angle of150
the Λ+c with respect to the e
+ beam axis in the e+e− center-of mass (CM) system, as illustrated in Fig. 1.151
I. JOINT ANGULAR DISTRIBUTION FOR THE DECAY Λ+c → pK0S152
Figure 1 illustrates the definitions of the helicity angles for a 1-level decay Λ+c → pK0S . In the helicity system153
describing the Λ+c → pK0S decay, the angle φ1 is the angle between the e+Λ+c plane and pK0S plane, and θ1 is the154
polar angle of the p momentum in the rest frame of the Λ+c with respect to the Λ
+
c momentum in the CM frame.155
TABLE I. Definition of decays, helicity angles and amplitudes of Λ+c → pK0S , where λi indicates the helicity for the corresponding
hadron.
level reaction helcity angle helicity amplitude
0 e+e− → γ∗ → Λ+c (λ1)Λ¯−c (λ2) θ0 Aλ1,λ2
1 Λ+c → p(λ3)K0S (θ1, φ1) Bλ3
As listed in Table I, λ1, λ2, and λ3 denote the helicities of Λ
+
c , Λ¯
−
c and p. Aλ1,λ2 and Bλ3 are the helicity amplitudes.156
The differential decay rate is defined as157
Mλi = D
1
m,λ1−λ2(θ0)Aλ1,λ2D
1
2
λ1,λ3
(Ωi)Bλ3 , (4)
13
5
TABLE II. Definition of decays, helicity angles and amplitudes in Λ+c → Λpi+, where λi indicates the helicity values for the
corresponding hadron.
level reaction helcity angle helicity amplitude
0 e+e− → γ∗ → Λ+c (λ1)Λ¯−c (λ2) θ0 Aλ1,λ2
1 Λ+c → Λ(λ3)pi+ (θ1, φ1) Bλ3
2 Λ→ p(λ4)pi− (θ2, φ2) Cλ4
where m is the helicity of virtual photon, D1m,λ1−λ2(θ0) and D
1
2
λ1,λ2
(Ωi) ≡ D
1
2
λ1,λ2
(φi, θi, 0) is Wigner-D function [2].158
The total helicity amplitudes is calculated by159
|M |2 =
∑
m
|
∑
λi
Mλi |2 =
∑
m
(
∑
λi
M)(
∑
λ′j
M∗). (5)
If we define the γ∗ spin density matrix ρ(λ1−λ2,λ
′
1−λ2) =
∑
m=±1 d
1
m,λ1−λ2(θ0)d
1
m,λ′1−λ2(θ0) we can get160
dΓ
d cos θ0d cos θ1dφ1
∝
∑
m,λ1,λ2,λ3
D1∗m,λ1−λ2(0, θ0, 0)D
1
m,λ′1−λ2(0, θ0, 0)A
∗
λ1,λ2Aλ′1,λ2
× D1/2∗λ1,λ3(φ1, θ1, 0)D
1/2
λ′1,λ3
(φ1, θ1, 0)|Bλ3 |2, (6)
Helicity amplitude Aλ1,λ2 is related to the angular distribution parameters α0 =
|A 1
2
,− 1
2
|2−2|A 1
2
, 1
2
|2
|A 1
2
,− 1
2
|2+2|A 1
2
, 1
2
|2 , and helicity161
amplitude Bλ3 is related to the decay asymmetry parameter α
+
pK0S
=
|B 1
2
|2−|B− 1
2
|2
|B 1
2
|2+|B− 1
2
|2 . In helicity frame, conventional162
s−wave amplitude can be expressed by 1√
2
(B 1
2
+B− 12 ) and p−wave by
1√
2
(B 1
2
−B− 12 ). The joint angular dependence163
of the decay rate is written as164
dΓ
d cos θ0d cos θ1dφ1
∝ 1 + α0 cos2 θ0 + PTα+pK0S sin θ1 sinφ1, (7)
PT =
√
1− α20 cos θ0 sin θ0 sin ∆0, (8)
where ∆0 = δ 1
2 ,
1
2
− δ 1
2 ,− 12 is the difference of phase angle for the helicity amplitudes A 12 , 12 and A 12 ,− 12 , and PT165
corresponds to a transverse polarization observable of the produced Λ+c . For the charge conjugation mode Λ¯
−
c → p¯K0S ,166
the formula of angular distribution is same, but with the parameter relations of ∆¯0 = ∆0 and α¯
−
p¯K0S
= −α+
pK0S
, when167
neglecting CP violation.168
II. JOINT ANGULAR DISTRIBUTION FOR THE DECAYS Λ+c → Λpi+ AND Σ+pi0169
Figure 2 illustrates the definitions of the helicity angles for a 2-level cascade decay Λ+c → Λpi+, Λ → ppi−. In the170
helicity system describing the Λ+c → Λpi+ decay, the angle φ1 is the angle between the e+Λ+c plane and Λpi+ plane,171
and θ1 is the polar angle of the Λ momentum in the rest frame of the Λ
+
c with respect to the Λ
+
c momentum in the172
CM frame. In the the helicity system describing the Λ → ppi− decay, the angle φ2 is the angle between the Λpi+173
plane and ppi− plane, and θ2 is the polar angle of the proton momentum with respect to the opposite direction of pi+174
momentum in the rest frame of Λ.175
As listed in Table II, Bλ3 and Cλ4 are the helicity amplitudes of the Λ
+
c → Λpi+ and Λ→ ppi− decays, respectively.176
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FIG. 2. Definition of the helicity frame for e+e− → Λ+c Λ¯−c , Λ+c → Λpi+ and Λ→ ppi−
.
The joint angular dependence of the decay rate is written as177
dΓ
d cos θ0d cos θ1d cos θ2dφ1dφ2
∝ 2 + 2α0 cos2 θ0
+
√
1− α20αΛ sin ∆0 sin(2θ0) sin θ1 cos θ2 sinφ1
+
√
1− α20αΛ sin ∆0 sin(2θ0) cos θ1 sin θ2 sinφ1
√
1− (α+Λpi+)2 cos(∆Λpi
+
1 + φ2)
+
√
1− α20αΛ sin ∆0 sin(2θ0) sin θ2 cosφ1
√
1− (α+Λpi+)2 sin(∆Λpi
+
1 + φ2)
+
√
1− α20 sin ∆0 sin(2θ0) sin θ1 sinφ1α+Λpi+
+ 2α0αΛ cos
2 θ0 cos θ2α
+
Λpi+ + 2αΛ cos θ2α
+
Λpi+ ,
(9)
where αΛ denotes the decay asymmetry parameter in the weak hadronic decay Λ → ppi−, ∆0 = δ 1
2 ,− 12 − δ 12 , 12 is the178
difference of phase angle for the helicity amplitudes Aλ1,λ2 and ∆
Λpi+
1 is the difference of the phase angle between the179
helicity amplitudes B− 12 and B 12 . For the case of the charge conjugation mode Λ¯
−
c → Λ¯pi− , the formula is the same,180
but with the parameter relations of α¯Λ¯ = −αΛ, α¯−Λ¯pi− = −α+Λpi+ , ∆¯0 = ∆0, ∆¯Λ¯pi
−
1 = −∆Λpi
+
1 on the basis of no CP181
violation.182
If the phase space of level-2 decay Ω2=(θ2, φ2) is integrated out, one has183
dΓ
d cos θ0d cos θ1dφ1
∝ 1 + α0 cos2 θ0 + PTα+Λpi+ sin θ1 sinφ1, (10)
PT =
√
1− α20 cos θ0 sin θ0 sin ∆0. (11)
Equation (7) becomes in the same form of Eq. (4). If the proton helicity angular θ2 is only measured, one has184
dN
d cos θ2
∝ 1 + α+Λpi+αΛ cos θ2. (12)
This equation indicates that even without information of PT , the decay asymmetry parameter α+Λpi+ can be accessed185
from the distribution of cos θ2.186
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TABLE III. Definition of decays, helicity angles and amplitudes in Λ+c → Σ+pi0, where λi indicates the helicity values for the
corresponding hadron.
level reaction helcity angle helicity amplitude
0 e+e− → γ∗ → Λ+c (λ1)Λ¯−c (λ2) θ0 Aλ1,λ2
1 Λ+c → Σ+(λ3)pi0 (θ1, φ1) Bλ3
2 Σ+ → p(λ4)pi0 (θ2, φ2) Cλ4
e−
e+
θ0
φ1
θ1
CM frame Λ+c rest frame
Λ+cΛ¯
−
c
pi+
Σ0
pi+
Σ0
θ1
φ2
θ2
Λ+c rest frame Σ0 rest frame
Σ0pi+
γ
Λ
γ
Λ
θ2
φ3
θ3
Σ0 rest frame Λ rest frame
Λγ pi
−
p
pi−
p
FIG. 3. Definition of the helicity frame for e+e− → Λ+c Λ¯−c , Λ+c → Σ0pi+, Σ0 → γΛ, Λ→ ppi−.
For the 2-level cascade decays Λ+c → Σ+pi0, Σ+ → ppi0, the formalism is the analogous to that of Λ+c → Λpi+ as187
listed in Table III, but replacing the symbols of Λ and pi+ with Σ+ and pi0 in the level-1 decay and replacing pi− with188
pi0 in the level-2 decay, respectively.189
III. JOINT ANGULAR DISTRIBUTION FOR Λ+c → Σ0pi+190
Figure 3 illustrates the definitions of the helicity angles for a 3-level cascade decay Λ+c → Σ0pi+, Σ0 → γΛ, Λ→ ppi−.191
In the helicity system describing the Λ+c → Σ0pi+ decay, the angle φ1 is the angle between the e+Λ+c plane and Σ0pi+192
plane, and θ1 is the polar angle of the Σ
0 momentum in the rest frame of the Λ+c with respect to the Λ
+
c momentum in193
the CM frame. In the helicity system describing the Σ0 → γΛ decay, the angle φ2 is the angle between the Σ0pi+ plane194
and γΛ plane, and θ2 is the polar angle of the Λ momentum with respect to the opposite direction of pi
+ momentum195
in the rest frame of Σ0. In the helicity system describing the Λ → ppi− process, φ3 is the angle between the Λγ and196
16
8
TABLE IV. Definition of decays, helicity angles and amplitudes in Λ+c → Σ0pi+, where λi indicates the helicity values for the
corresponding hadron.
level decay helcity angle helicity amplitude
0 e+e− → Λ+c (λ1)Λ¯−c (λ2) θ0 Aλ1,λ2
1 Λ+c → Σ0(λ3)pi+ (θ1, φ1) Bλ3
2 Σ0 → Λ(λ4)γ(λ5) (θ2, φ2) Cλ4,λ5
3 Λ→ p(λ6)pi+ (θ3, φ3) Fλ4
ppi− planes, while θ3 is the polar angle of the proton with respect to the opposite direction of the photon momentum197
(from Σ0 → Λγ) in the rest frame of Λ.198
The helicity angles and amplitudes are defined in Table IV. The joint angular dependence of the decay rate is199
expressed as200
dΓ
d cos θ0d cos θ1d cos θ2d cos θ3dφ1dφ2
∝ 2 + 2α0 cos2 θ0
−
√
1− α20αΛ sin(2θ0) sin θ1 cos θ2 cos θ3 sinφ1 sin ∆0
−
√
1− α20αΛ sin(2θ0) cos θ1 sin θ2 cos θ3 sin ∆0
√
1− (α+Σ0pi+)2 sin(∆Σ
0pi+
1 + φ2)
−
√
1− α20αΛ sin(2θ0) cosφ1 sin θ2 cos θ3 sin ∆0
√
1− (α+Σ0pi+)2 sin(∆Σ
0pi+
1 − φ2)
+
√
1− α20 sin(2θ0) sin θ1 sinφ1 sin ∆0α+Σ0pi+
− 2α0αΛ cos2 θ0 cos θ2 cos θ3α+Σ0pi+ − 2αΛ cos θ2 cos θ3α+Σ0pi+ .
(13)
where ∆Σ
0pi+
1 is the phase angle difference for the helicity amplitudes B 12 and B− 12 . For the corresponding charge-201
conjugate Λ¯−c decays, one has a similar formula, but with replacements α¯Λ¯ = −αΛ, α¯−Σ¯0pi− = −α+Σ0pi+ , ∆¯0 =202
∆0, ∆¯
Σ¯0pi−
1 = −∆Σ
0pi+
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If the phase spaces of level-2 and level-3 decays Ω2=(θ2, φ2) and Ω3=(θ3, φ3) are integrated out, one get the angular204
distribution205
dΓ
d cos θ0d cos θ1dφ1
∝ 1 + α0 cos2 θ0 + PTα+Σ0pi+ sin θ1 sinφ1, (14)
PT =
√
1− α20 cos θ0 sin θ0 sin ∆0. (15)
Equation (11) becomes in the same forms of Eqs. (4) and (7). If the θ2 and θ3 angles are only measured, one has206
dN
d cos θ2d cos θ3
∝ 1− α+Σ0pi+αΛ cos θ2 cos θ3. (16)
This formula provides a way to measure the decay asymmetry parameter α+Σ0pi+ with no information of PT .207
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